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The HP1 chromo shadow domain binds a consensus peptide
pentamer
James F. Smothers and Steven Henikoff
Heterochromatin-associated protein 1 (HP1) [1] is
thought to affect chromatin structure through
interactions with other proteins in heterochromatin [2].
Chromo domains located near the amino (amino
chromo) and carboxy (chromo shadow) termini of HP1
may mediate such interactions, as suggested by domain
swapping, in vitro binding and 3D structural studies
[3–8]. Several HP1-associated proteins have been
reported, providing candidates that might specifically
complex with the chromo domains of HP1. However,
such association studies provide little mechanistic
insight and explore only a limited set of potential
interactions in a largely non-competitive setting. To
determine how chromo domains can selectively interact
with other proteins, we probed random peptide phage
display libraries using chromo domains from HP1. Our
results demonstrate that a consensus pentapeptide is
sufficient for specific interaction with the HP1 chromo
shadow domain. The pentapeptide is found in the
amino acid sequence of reported HP1-associated
proteins, including the shadow domain itself. Peptides
that bind the shadow domain also disrupt shadow
domain dimers. Our results suggest that HP1
dimerization, which is thought to mediate
heterochromatin compaction and cohesion, occurs via
pentapeptide binding. In general, chromo domains may
function by avidly binding short peptides at the surface
of chromatin-associated proteins.
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Results and discussion
Random phage display directly tests the potential of a
protein to selectively interact with other polypeptides
[9,10]. Phage display libraries contain short peptides
(~7 amino acids) presented at the surface of a phage coat
protein that collectively represent all possible sequence
combinations with unbiased stoichiometry. These libraries
offer a competitive binding environment that allows
assessment of a protein’s selective potential for interac-
tions. Furthermore, consensus sequences that represent a
set of interacting peptides can be determined and com-
pared with natural sequences to draw biological infer-
ences. Because individual peptides identified in vitro
never match their in vivo counterparts precisely, consen-
sus analysis is essential to random display methods [9,10].
Consensus determination provides confidence that a bio-
chemically relevant interaction has been detected. This
also serves as the primary step towards identifying candi-
date natural sequences that may interact with a protein
in vivo. Accordingly, random phage display studies are
either accompanied or preceded by direct evaluation of
predicted interactions using naturally occurring proteins
that contain a consensus peptide sequence.
We cloned and expressed poly-histidine-tagged Drosophila
HP1 chromo domains in Escherichia coli, essentially as previ-
ously described [3] (Figure 1). As a specificity control, the
chromo domain from an Arabidopsis DNA methyltrans-
ferase homolog (CMT2; C.M. McCallum, S.H. and
L. Comai, unpublished observations) was similarly cloned
and expressed. Whole-cell protein samples from uninduced
and induced transformants were resolved by SDS–PAGE
and examined by Coomassie stain (Figure 1a) or transferred
to nitrocellulose and probed using nickel-conjugated
reagents (Figure 1b). Protein bands within the expected
size range for each chromo domain were observed only
among induced bacterial cultures (Figure 1a) and contained
readily detectable poly-histidine tags (Figure 1b). Poly-his-
tidine tagged chromo domain proteins were purified from
induced cell extracts using nickel-coated paramagnetic
beads and examined for purity by SDS–PAGE (Figure 1c)
or used directly in random phage display assays (see Sup-
plementary material for experimental details).
Sequences determined from random phage display
demonstrate that the chromo shadow domain binds a
select set of peptides (Figure 2). Several criteria confirm
the specific nature of the interactions. First, the shadow-
interacting sequences are distinct from the multiple histi-
dine-displaying phage derived using nickel-coated beads
alone (Figure 2). Second, neither of the other two chromo
domains selected this same peptide set (Figure 2). Third,
a subset of sequences interacting with the chromo
shadow domain was recovered multiple times from inde-
pendent assays (Figure 2). Fourth, this subset comprises a
consensus pentamer sequence, in which proline predomi-
nates at position 1, valine at position 3, and hydrophobic
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residues at positions 4 and 5 (Figure 3a,b). Consensus
determination, unique to random display methods, is the
most reliable indicator of selectivity in the assay [9,10]. 
To verify the specificity of the chromo shadow domain-
derived peptide sequences, we conducted comparative
avidity and recovery tests [10]. Equal numbers of phage,
displaying either nickel-interacting or chromo shadow-
interacting heptapeptides, were incubated with either
nickel-coated beads alone or beads saturated with chromo
shadow domain protein. Samples were washed extensively,
eluted and assayed by serial dilution for recovery of plaque-
forming units (pfu). No chromo shadow domain phage were
recovered using nickel beads alone (Figure 4a), whereas a
significant portion of the same input phage population (over
1.2 × 106 pfu) was recovered using beads saturated with
chromo shadow domain (Figure 4a). Alternatively, although
over 9 × 105 pfu of input nickel-binding phage were recov-
ered using nickel beads alone (Figure 4a), no such phage
bound to beads saturated with chromo shadow domain
protein (Figure 4a). The pfu recovery assay was also used to
demonstrate specificity and relative avidity among individ-
ual chromo shadow domain-specific sequences that contain
the consensus (Figure 4b). The results suggest that the
sequence RVVVHPM was the most avid of the peptides.
All the phage assayed yielded a significant pfu, verifying
that the consensus-containing peptides bind avidly and
specifically to the chromo shadow domain.
The available 3D structure of the chromo domain suggests
how it might bind short peptides [3]. The mouse Mod1
chromo domain contains a hydrophobic groove, formed by
the triple antiparallel β strands and carboxy-terminal
α helix of the module. This hydrophobic groove is a candi-
date protein-interaction site and, on the basis of sequence
conservation, is expected to be present in all chromo
domains (including shadow domains). The chromo shadow
consensus pentapeptide derived in our study would fit into
this groove. This is consistent with the hydrophobicity of
the consensus, providing a biochemically avid site for the
protein–peptide interactions we observed.
Neither the CMT2 nor the HP1 amino chromo domains
yielded sequences from phage display that differ signifi-
cantly from those determined using negative controls in
repeated assays (Figure 2). All such sequences have multi-
ple histidine residues, suggesting that they represent pep-
tides that bind the nickel coat of the paramagnetic bead
substrate. Thus, we cannot verify the protein–protein
interaction potential for these particular chromo domains.
These domains may be unable to completely saturate the
nickel-coated substrate. Alternatively, such interactions
might be insufficiently avid to be detected in our assay or
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Figure 2
Sequences derived from random phage display assays. Peptide
sequences corresponding to phage selected using the indicated
substrates are shown. Sequences in the upper block in each column
were obtained from the linear presentation library; those in the lower
block depict constrained library sequences. Identical phage sequences
recovered multiple times from independent assays are shaded, with
the number of occurrences indicated in parentheses.
Figure 1
Expression, purification and competitive elution of affinity-tagged
chromo domains. Whole-cell samples from bacteria transformed with
vectors expressing poly-histidine-tagged chromo domains were
resolved by SDS–PAGE and (a) examined by Coomassie staining or
(b) transferred to nitrocellulose and probed with anti-poly-histidine
reagents. (c) Nickel-purified chromo domain proteins were also
resolved by SDS–PAGE and examined by Coomassie staining.
(d) Chromo shadow domain protein was incubated with phage
displaying either streptavidin-interacting peptides (IPYWHPQ and
SLIAHPQ) or HP1 chromo shadow domain-interacting peptides
(shaded sequences in Figure 2), followed by resolution of
competitively eluted protein using SDS–PAGE and silver staining.
Amino, HP1 amino chromo domain; shad, HP1 chromo shadow
domain; CMT2, CMT2 chromo domain; M, molecular weight markers;
minus and plus symbols indicate uninduced and induced samples,
respectively; arrows denote expressed chromo domain proteins.
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could require longer peptide-containing libraries for pre-
sentation. These negative results emphasize the avidity of
the chromo shadow domain for specific peptides.
To investigate the potential biological significance of pep-
tides selected by the chromo shadow domain, we searched
Drosophila protein sequence databases as well as reported
HP1-associated protein sequences. Given the short length
of the selected peptides, p values from database searches
are too insignificant to identify previously unknown HP1-
interacting proteins with confidence. Nevertheless, using a
conservative standard for similarity (80% based on positive
BLOSUM 62 score [11]), the consensus sequence is found
in reported HP1-associated proteins (Figure 3c), including
D. melanogaster HP1 itself (100%), Su(var)3–7, which co-
immunoprecipitates and co-localizes with HP1 [12] (80%),
transcription intermediate factors (TIFs; 80%) and the
p150 subunit of chromatin assembly factor-1 (CAF-1; 80%).
HP1 chromo shadow domains self-dimerize in vitro [8], pos-
sibly because the consensus is contained within the chromo
shadow region of the HP1 sequence. Other studies provide
genetic and cytological evidence that HP1 may dimerize
through its chromo shadow domain in vivo [6]. To ascertain
whether the peptides that we identified in vitro are relevant
to this interaction, we asked whether or not shadow-specific
peptides can disrupt self-dimerization. Beads saturated with
chromo shadow domain protein were incubated with phage
displaying either streptavidin-interacting or chromo shadow
domain-interacting peptides. Chromo shadow protein freed
by competitive interaction was concentrated and examined
by SDS–PAGE and silver staining (Figure 1d). All six
chromo shadow domain-interacting peptides, but neither of
the control peptides, were found to disrupt chromo shadow
dimers (Figure 1d); this result was confirmed using synthe-
sized peptides (data not shown). The fact that all six pep-
tides successfully disrupted self-dimerization suggests that
the consensus pentamer is critical for chromo shadow inter-
actions in general. Furthermore, this result provides a
means by which HP1 dimerization can mediate hetero-
chromatin compaction and cohesion [6]. 
Detailed studies of HP1-associated proteins have been
done with mouse TIF1-α [13], human TIF1-β [14] and
most recently, the p150 subunit of mouse CAF-1 [15]. In
each of these studies, the researchers first ascertained that
the chromo shadow domain was the necessary and sufficient
region of HP1 for the interaction. Next was the determina-
tion of amino acid sequences in TIF1-α (residues 675–701),
TIF1-β (residues 423–584) or CAF-1 (residues 176–327)
that mediate interaction with HP1. These same regions
conform to the consensus we derived from probing random
phage display libraries using the chromo shadow domain
(Figure 3c). Moreover, double point mutations, accounting
for two of the five amino acids within this consensus, com-
promise the interaction of HP1 with either TIF1-α or
TIF1-β (Figure 3c and [13,14]). Similar results were
obtained with either single point mutations (Figure 3c and
[15]) or deletion of the entire consensus sequence (PVVVL)
from CAF-1 [15]. Therefore, the consensus peptide
sequence, selectively derived from 109 possible peptides,
resides within sequences known to interact with the chromo
shadow domain. We further note that our chromo shadow
competition experiments (Figure 1d) combined with the
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Figure 3
Consensus sequence of chromo shadow domain-interacting peptides
and similarities to biological sequences. (a) An alignment of chromo
shadow domain-interacting peptides is shown along with a pentameric
consensus (light-shaded residues). (b) The consensus sequence is
displayed in logo format (http://www.blocks.fhcrc.org/help/
about_logos.html), with amino acid expectancy illustrated by relative
letter size at each position. (c) Portions of HP1-associated protein
sequences containing the pentameric consensus (light-shaded
regions), are shown with orthologs of HP1, TIF and CAF-1 (p150
subunit) proteins grouped together. D, Drosophila; Mo, mouse;
Hu, human. Numbers to the right denote the positions of the amino
acids shown. Dark shading indicates amino acids that when mutated
compromise HP1 interaction in vivo.
Figure 4
Specificity and relative avidity tests for chromo shadow peptides.
(a) Pooled or (b) individual phage displaying nickel-interacting or HP1
chromo shadow domain-interacting peptides were incubated with
appropriate target substrates and eluted following extensive washing.
The number of phage recovered from incubations are indicated on the
y axis of each graph. Phage and substrates are indicated on the x axis of
(a). The chromo shadow domain was used as substrate to select phage
displaying the amino acid sequences indicated on the x axis of (b).
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recent CAF-1 findings [15] suggest a means by which HP1
might be deposited into heterochromatin: CAF-1-bound
HP1 may be recruited to sites of newly assembled hete-
rochromatin and released upon shadow self-dimerization.
The consensus peptide is found in only a subset of the
proteins reported to interact with HP1. The consensus is
absent from inner centromere protein (INCENP [16]),
origin recognition complex (ORC) proteins [17], an actin-
related protein (ARP4 [18]), Su(var)3–9 [19], SP100 pro-
teins [20] and lamin B receptor (LBR [21]). The simplest
explanation for this apparent discrepancy is that these pro-
teins engage HP1 differently from proteins that contain
the consensus. For example, the amino chromo domain or
hinge region of HP1 may be necessary for many of these
interactions. In fact, INCENP specifically engages the
hinge region of mammal HP1 orthologs [16], and both the
amino chromo and the chromo shadow domains of HP1
are required to associate with ORC complexes [17]. For
ARP4 and Su(var)3–9, the means by which HP1 engages
them is undetermined [18,19].
Perhaps less easily explained are the SP100 and LBR pro-
teins, factors that are proposed to interact with the chromo
shadow domain of HP1 [8,20] yet lack the consensus
sequence determined from our study. Investigators of
these proteins used cDNA libraries and yeast two-hybrid
screens to initially identify HP1 as an interacting protein,
followed by in vitro binding studies to further characterize
interactions. These methods permit detection of low-
affinity interactions by using sensitive reporter systems
that provide little or no binding competition with other
proteins. Interactions determined in our study were
derived under conditions that more closely mimic the
diverse binding competition encountered in vivo. In other
words, whereas previous studies describe detectable HP1
interactions within a limited target set, we define a
common means by which proteins can selectively interact
with HP1 amidst an environment of binding competition
more relevant to that observed in nature.
Supplementary material
Supplementary material including additional experimental details is
available at http://current-biology.com/supmat/supmatin.htm.
Acknowledgements
We thank Ed Cohen for information regarding random phage display,
Shmuel Pietrokovski for advice on recombinant protein expression, Suso
Platero for insights into HP1 chromo domains, Luca Comai and Claire
McCallum for CMT2 clones and Joel Eissenberg for HP1 cDNA. Funding
for this work was provided to J.F.S. by the National Institutes of Health
(1 F32 GM19849-01) and by the Howard Hughes Medical Institute.
References
1. James TC, Elgin SCR: Identification of a nonhistone chromosomal
protein associated with heterochromatin in Drosophila
melanogaster and its gene. Mol Cell Biol 1986, 6:3862-3872.
2. Cavalli G, Paro R: Chromo-domain proteins: linking chromatin
structure to epigenetic regulation. Curr Opin Cell Biol 1998,
10:354-360.
3. Ball LJ, Murzina NV, Broadhurst RW, Raine ARC, Archer SJ, Stott FJ,
et al.: Structure of the chromatin binding (chromo) domain from
mouse modifier protein 1. EMBO J 1997, 16:2473-2481.
4. Cowell IG, Austin CA: Self-association of chromo domain
peptides. Biochim Biophys Acta 1997, 1337:198-206.
5. Messmer S, Franke A, Paro R: Analysis of the functional role of the
Polycomb chromo domain in Drosophila melanogaster. Genes Dev
1992, 6:1241-1254.
6. Platero JS, Hartnett T, Eissenberg JC: Functional analysis of the
chromo domain of HP1. EMBO J 1995, 14:3977-3986.
7. Powers JA, Eissenberg JC: Overlapping domains of the
heterochromatin-associated protein HP1 mediate nuclear
localization and heterochromatin binding. J Cell Biol 1993,
120:291-299.
8. Ye Q, Callebaut I, Pezhman A, Courvalin J-C, Worman HJ: Domain-
specific interactions of human HP1-type chromodomain proteins
and inner nuclear membrane protein LBR. J Biol Chem 1997,
272:14983-14989.
9. Burritt JB, Bond CW, Doss KW, Jesaitis AJ: Filamentous phage
display of oligopeptide libraries. Analyt Biochem 1996, 238:1-13.
10. Kay BK, Winter J, McCafferty J: Phage Display of Peptides and
Proteins: A Laboratory Manual. San Diego: Academic Press; 1996.
11. Henikoff S, Henikoff JG: Amino acid substitution matrices from
protein blocks. Proc Natl Acad Sci USA 1992, 89:10915-10919.
12. Cléard F, Delattre M, Spierer P: SU(VAR)3-7, a Drosophila
heterochromatin-associated protein and companion of HP1 in the
genomic silencing of position effect variegation. EMBO J 1997,
16:5280-5288.
13. Le Douarin B, Nielsen AL, Garnier J-M, Ichinose H, Jeanmougin F,
Losson R, et al.: A possible involvement of TIF1 alpha and TIF1
beta in the epigenetic control of transcription by nuclear
receptors. EMBO J 1996, 15:6701-6715.
14. Ryan RF, Schultz DC, Ayyanathan K, Singh PB, Friedman JR,
Fredericks WJ, et al.: KAP-1 corepressor protein interacts and
colocalizes with heterochromatic and euchromatic HP1 proteins:
a potential role for Kruppel-associated box-zinc finger proteins in
heterochromatin-mediated gene silencing. Mol Cell Biol 1999,
19:4366-4378.
15. Murzina N, Verreault A, Laue E, Stillman B: Heterochromatin
dynamics in mouse cells: interaction between chromatin
assembly factor 1 and HP1 proteins. Mol Cell 1999, 4:529-540.
16. Ainsztein AM, Kandels-Lewis SE, Mackay AM, Earnshaw WC:
INCENP centromere and spindle targeting: identification of
essential conserved motifs and involvement of heterochromatin
protein HP1. J Cell Biol 1998, 143:1763-1774.
17. Pak DTS, Pflumm M, Chesnokov I, Huang DW, Kellum R, Marr J, et al.:
Association of the origin recognition complex with
heterochromatin and HP1 in higher eukaryotes. Cell 1997,
91:311-323.
18. Frankel S, Sigel EA, Craig C, Elgin SCR, Mooseker MS,
Artavanis-Tsakonas S: An actin-related protein in Drosophila
colocalizes with heterochromatin protein 1 in pericentric
heterochromatin. J Cell Sci 1997, 110:1999-2012.
19. Aagaard L, Laible G, Selenko P, Schmid M, Dorn R, Schotta G, et al.:
Functional mammalian homologues of the Drosophila PEV-
modifier Su(var)3-9 encode centromere-associated proteins
which complex with the heterochromatin component M31.
EMBO J 1999, 18:1923-1938.
20. Seeler J-S, Marchio A, Sitterlin D, Transy C, Dejean A: Interaction of
SP100 with HP1 proteins: a link between the promyelocytic
leukemia-associated nuclear bodies and the chromatin
compartment. Proc Natl Acad Sci USA 1998, 95:7316-7321.
21. Ye Q, Worman HJ: Interaction between an integral protein of the
nuclear envelope inner membrane and human chromodomain
proteins homologous to Drosophila HP1. J Biol Chem 1996,
271:14653-14656.
30 Current Biology Vol 10 No 1
bb10a54.qxd  02/05/2000  11:35  Page 30
